INTRODUCTION
============

The phosphodiesterase (PDE) family displays a conserved catalytic phosphohydrolase domain, whose activity is controlled by diverse domain structures and regulatory mechanisms ([@R1], [@R2]) (figs. S1 and S2). Because of their association with various pathologies and distinct cellular and subcellular distributions, PDEs are targets of several widely used drugs and remain a major target for drug development ([@R3]). Most structure-activity relationship studies have so far focused on their conserved catalytic domains that share 25 to 52% sequence homology among type I PDE family members. As a result, most PDE inhibitors display a substantial degree of cross-reactivity within the PDE family ([@R4], [@R5]) and other related enzymes ([@R6]). In particular, inhibitors of PDE5, including sildenafil and vardenafil, are widely used for the treatment of erectile dysfunction and pulmonary hypertension ([@R7]). However, PDE5 inhibitors have been associated with several ocular side effects, including blurred vision, changes in color vision, transient alterations in the electroretinogram, conjunctival hyperemia, ocular pain, photophobia, and, in extreme cases, damage to the optic nerve ([@R8]). These secondary effects are mediated by the binding of PDE5 inhibitors to a closely related phosphohydrolase, PDE6 ([@R9]), with about 10% of the inhibitory effect as compared to PDE5 ([@R10]). PDE6 is an essential component of visual phototransduction that catalyzes the hydrolysis of guanosine 3′,5′-monophosphate (cGMP) to GMP in response to light ([@R9], [@R11]). The reduction in cGMP concentration results in the closure of Na^+^ and Ca^2+^ ion channels in the photoreceptor plasma membrane, leading to their hyperpolarization. Because of its catalytic efficiency operating close to the diffusion limit of cGMP and a \~100-fold activation by transducin ([@R12]), PDE6 is crucial for the visual phototransduction. Rod photoreceptor PDE6 is an atypical phosphohydrolase that consists of a heterodimeric catalytic core composed of PDE6α and PDE6β subunits (PDE6αβ heterodimer) and two inhibitory PDE6γ subunits ([@R11]). All other members of type I PDE harbor a homodimeric catalytic core, including PDE6 from cone photoreceptors that is composed of two α′ subunits ([@R13]). All PDE6 catalytic subunits contain two regulatory N-terminal GAF domains (GAF-A and GAF-B) and a C-terminal catalytic domain ([@R14]). GAF domains and the tightly bound inhibitory PDE6γ subunits regulate the activity of catalytic domain allosterically ([@R15]). Binding of cGMP to the GAF-A domain of PDE6 increases affinity for the PDE6γ subunit that inhibits the catalytic activity of the PDE6αβ heterodimer when bound. Reciprocally, the binding of PDE6γ to the PDE6αβ heterodimer catalytic subunits enhances the affinity of cGMP for noncatalytic sites, which, in turn, increases the affinity of the catalytic domains for PDE6γ ([@R15]--[@R17]). During phototransduction, activated transducin \[Gα~t~-GTP (guanosine 5′-triphosphate)\] reduces the inhibitory constraint of the PDE6γ C-terminal region on the catalytic site of PDE6 ([@R16]), resulting in a reduced binding affinity of cGMP to one of the two GAF-A domains and the release of cGMP. Gα~t~-GTP has been previously shown to bind amino acid residues 24 to 45 ([@R18]--[@R21]), 54 to 55 ([@R22]), and 55 to 62 ([@R22]) and the C terminus of PDE6γ ([@R23]). Among these interaction sites, the glycine-rich region of PDE6γ (residues 55 to 62) has been implicated in facilitating the interaction of Gα~t~-GTP with the N-terminal polycationic region of PDE6γ ([@R18]--[@R22]).

The absence of a detailed understanding of the allosteric modulation of PDE isoenzymes has limited the commercial success of PDE inhibitors due to cross-reactivity within the PDE family. Several high-resolution structures of individual domains of PDE isoenzymes, including PDE1, PDE2, PDE3, PDE4, PDE5, PDE6, PDE7, PDE8, PDE9, and PDE10, are available (fig. S1). A crystal structure of near full-length PDE2A that includes both GAF and catalytic domains was reported previously ([@R24]). In addition, several low-resolution cryo--electron microscopy (cryo-EM) structures of PDE6 that describe the overall architecture of the isoenzyme have been reported ([@R14], [@R25], [@R26]). Despite the wealth of knowledge that these partial structures have provided, the structural relationships between the regulatory domains and the catalytic domain of PDE family members remain elusive.

RESULTS
=======

To gain structural insights into this allosteric mechanism, we purified native bovine PDE6 from rod outer segments (ROS) and used cryo-EM to determine the structure of the PDE6αβ2γ complex. The structure of the PDE6αβ2γ complex resolved at 3.4-Å resolution shows a linear organization of the three domains (GAF-A, GAF-B, and the catalytic phosphohydrolase domain, respectively) connected by long α helices in both PDE6α and PDE6β subunits ([Fig. 1](#F1){ref-type="fig"}). The overall structure of PDE6 shows a trilobed architecture with each lobe corresponding to the GAF-A, GAF-B, and phosphohydrolase catalytic domains of the PDE6αβ heterodimer ([Figs. 1](#F1){ref-type="fig"} and [2, A and D](#F2){ref-type="fig"}). The PDE6αβ heterodimer attains a pseudo-twofold symmetry where the three domains of PDE6α and PDE6β are organized in a head-to-head arrangement with a dimension of 154 Å by 115 Å by 74 Å. The heterodimeric interface of the PDE6αβ heterodimer (\~5036 Å^2^) extends over the entire length of the molecule. Major interfaces lay in the N-terminal pony-tail helical structure (Pt motif, \~895 Å^2^) and extended linker helices that connect GAF-A to GAF-B (LH1; \~510 Å^2^) and GAF-B to the catalytic domain (LH2; \~685 Å^2^) of PDE6α and PDE6β. Local resolution analysis of the PDE6αβ heterodimer shows a resolution better than 3.4 Å in the core and 5 to 7 Å in peripheral regions ([Fig. 1A](#F1){ref-type="fig"}, bottom). The Pt motif is among the most flexible regions within the PDE6αβ2γ complex with a local resolution of 7 to 8 Å ([Fig. 1A](#F1){ref-type="fig"}, bottom), and therefore has uncertainty in the de novo model. The final model is composed of amino acid residues 10 to 822 of PDE6α and 11 to 822 of PDE6β ([Fig. 1C](#F1){ref-type="fig"}). The amino acid residues 2 to 9 and 823 to 856 of PDE6α as well as 2 to 10 and 823 to 850 of PDE6β could not be modeled because of their flexibility. This flexibility is exemplified by the two-dimensional (2D) class averages that show blurring of the flexible C-terminal ends of both PDE6α and PDE6β (fig. S3D, arrows). These long C-terminal helices extend in opposite directions and serve as sites for lipid modifications that anchor PDE6αβ2γ in the ROS disk membranes. Although the distal C-terminal helices of the PDE6αβ heterodimer were averaged out during the final 3D cryo-EM reconstruction, this is the first instance where 2D snapshots of these long C-terminal helices have been visualized.

![The cryo-EM structure of PDE6αβ2γ ternary complex at 3.4-Å resolution.\
(**A**) Overall cryo-EM 3D reconstruction of the PDE6αβ2γ complex displaying the 34-Å-long N-terminal pony-tail domain (Pt motif) (top) and the local resolution estimation map (bottom). Resolution keys are labeled from 3.2 (blue) to 8.0 Å (red). (**B**) Four orthogonal views of the cryo-EM structure of PDE6αβ2γ complex displaying PDE6α (purple), PDE6β (green cyan), and two molecules of PDE6γ (red) subunits. (**C**) Structures of PDE6α (top, 10 to 822) and PDE6β (bottom, 11 to 822) in two orthogonal views shown in cartoon representation. Scale bar, 30 Å.](aav4322-F1){#F1}

![Structural features of the PDE6αβ2γ complex.\
(**A**) Structure of the PDE6αβ heterodimer showing the domain distribution within PDE6α (purple) and PDE6β (green cyan) subunits where regulatory GAF domains are trailed by the phosphohydrolase catalytic domain in a trilobed organization. One molecule of PDE6γ (red ribbon) wraps around PDE6α and PDE6β individually for a tighter regulation of PDE6 activity. One molecule of cGMP (red spheres) is bound to each of the GAF-A domains of the PDE6αβ heterodimer. (**B**) Zoomed-in view of the GAF-A cGMP-binding pocket showing the orientation of the cGMP molecule (red sticks) with respect to the surrounding secondary structures. The electron density corresponding to the cGMP molecule was calculated after the final refinement and is displayed as gray mesh. (**C**) The cGMP-bound GAF-A domains of both PDE6αβ2γ complex (left) and PDE6C (gray, right) feature a salt bridge between the partial negative charge of Asn^114^ carbonyl oxygen and the guanidine group of Arg^93^. Amino acid residue Asn^114^ provides important cGMP-specific protein-ligand hydrogen bonds that stabilize cGMP binding. (**D**) Topology diagram showing the secondary structure elements of the Pt motif (gray), GAF-A (red), GAF-B (purple), and catalytic domain (green). (**E**) Zoomed-in view of the cGMP-binding pocket (red mesh) of PDE6α GAF-A domain. The N terminus of PDE6γ (red cartoon) forms a lid over the buried cGMP molecule and thereby prevents its release from the GAF-A domain until a threshold concentration gradient of cGMP has been reached in the cell. The electron density of the N terminus of PDE6γ after the final refinement is displayed as gray mesh. (**F**) Interaction interface between the GAF-A β1-β2 loop and the GAF-B domain of PDE6α. PDE6γ (red) staples the GAF-A β1-β2 loop interaction to the GAF-B domain and likely senses changes associated with cGMP binding in the GAF-A domain. The refined electron density around the GAF-A β1-β2 loop is displayed as gray mesh. (**G**) The interface between GAF-B β1-β2 loop of PDE6α and the catalytic domain of PDE6β features a short two-turn helical structure that forms hydrophobic interactions with α6, α7, α8, and α9 helices of the catalytic domain. The refined electron density corresponding to the key amino acid residues is displayed as gray mesh.](aav4322-F2){#F2}

The N-terminal region of the PDE6αβ heterodimer displays an asymmetric double-stranded Pt motif that extends to more than 34 Å in length ([Fig. 1](#F1){ref-type="fig"}). The Pt motif likely provides structural stability to the PDE6αβ heterodimer by providing an interaction interface of \~895 Å^2^ between PDE6α and PDE6β subunits. The asymmetry of the Pt motif can be attributed to the low sequence identity between the N-terminal regions of the two subunits of PDE6αβ heterodimer, with 27% identity in the first 70 amino acids as compared to 77.5% identity in the rest of the sequence (fig. S2). The GAF-A domain of the PDE6αβ heterodimer shows a high structural similarity to previously published GAF-A domains of PDE2A ([@R24]), PDE5 ([@R27]), and PDE6C ([@R28]) with root mean square deviations (RMSDs) of 1.34, 1.17, and 1.12 Å, respectively. The conserved structural features of the GAF-A domain include an antiparallel β-sheet cluster with strand order 3-2-1-6-5-4 ([Fig. 2D](#F2){ref-type="fig"} and fig. S4A). This β-sheet cluster is sandwiched by α1, α2, and α5 helices that lay toward the heterodimer interface as well as α3 and α4 helices on the distal side ([Fig. 2A](#F2){ref-type="fig"} and fig. S4A). In comparison to previously determined structures of GAF-A domains, a substantial structural change is observed in the 14--amino acid--long loop that connects the β1 with the β2 strand (β1-β2 loop) of the GAF-A six-stranded β-sheet cluster. The GAF-A β1-β2 loop directly interacts with the β4 strand and the β6-α5 loop of the GAF-B regulatory domain, suggesting a potential allosteric signal transduction route from the GAF-A to GAF-B domain upon cGMP binding ([Fig. 2F](#F2){ref-type="fig"}).

The refined cryo-EM map shows one molecule of cGMP bound to the GAF-A domain of both PDE6α and PDE6β ([Figs. 2, A and B](#F2){ref-type="fig"}, and [3A](#F3){ref-type="fig"}). The 3′,5′-cyclic phosphate group of cGMP points toward the α3 and α4 helices, whereas its guanine ring makes several well-defined contacts with the β1 and β2 strands ([Fig. 2B](#F2){ref-type="fig"} and fig. S4C). The buried cGMP molecule makes several electrostatic contacts with the side chains of Ser^95^, Asn^114^, Val^166^, and Thr^174^ in addition to hydrophobic contacts with Phe^113^, Phe^134^, Val^140^, Tyr^172^, and M193 that determine its orientation in the cGMP binding pocket ([Fig. 2B](#F2){ref-type="fig"} and fig. S4C). As observed in the crystal structure of cGMP-bound PDE6C GAF-A domain ([@R28]), the GAF-A domain of PDE6αβ2γ features Asn^114^ locked into position by a 3.0-Å salt bridge between the partial negative charge of its carbonyl oxygen and the guanidine group of Arg^93^ ([Fig. 2C](#F2){ref-type="fig"}). The N-terminal polycationic region of PDE6γ binds close to the GAF-A cGMP-binding site, suggesting its potential role in preventing the release of bound cGMP unless a certain threshold of cGMP gradient has been established in the cell and thereby lowering the dissociation constant (*K*~D~) of cGMP for the GAF-A domain ([Figs. 2E](#F2){ref-type="fig"} and [3A](#F3){ref-type="fig"}). In addition, PDE6γ staples the GAF-A β1-β2 loop interaction site to GAF-B domain and likely senses changes upon cGMP binding ([Figs. 2, A and F](#F2){ref-type="fig"}, and [3A](#F3){ref-type="fig"}). One molecule of PDE6γ interacts exclusively with GAF-A and the catalytic domain of the same subunit in the PDE6αβ heterodimer, suggestive of a tighter allosteric regulation ([Figs. 1B](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"}, and [3A](#F3){ref-type="fig"}). PDE6γ subunits display a resolution range of 3.2 to 9 Å with the highest resolution achieved in the N- and C-terminal ends due to their direct interaction with GAF-A and catalytic domains, respectively ([Figs. 2, A, E, and F](#F2){ref-type="fig"}, and [3, A and B](#F3){ref-type="fig"}). Amino acid residues 30 to 70 of PDE6γ were omitted from the final de novo model of the PDE6αβ2γ complex because of poor cryo-EM density near that region ([Fig. 3, A and B](#F3){ref-type="fig"}). This could be explained by the flexible nature of the polypeptide segment and the lack of direct interface contacts with the PDE6αβ heterodimer. Overall, these findings suggest a direct communication between the cGMP-bound GAF-A and GAF-B regulatory domains in PDE6αβ2γ complex through the β1-β2 loop of GAF-A.

![The PDE6γ subunit stabilizes the open-state conformation of PDE6αβ heterodimer.\
(**A**) Cryo-EM density (left, red surface) and partial de novo model (right, red ribbon) of PDE6γ around the PDE6αβ heterodimer (PDE6α, purple; PDE6β, green cyan). One molecule of PDE6γ wraps around PDE6α and PDE6β individually for a tighter regulation of PDE6 activity. (**B**) Local resolution estimation map (left) and partial de novo model (right) of PDE6γ showing a good correlation between the 3D map and the refined PDE6γ model. The density of PDE6γ after the final refinement is displayed as gray mesh. (**C**) Comparison between the catalytic domains of PDE6α (purple), closed-state PDE2A (pink, PDBID: 3IBJ), and inhibitor-bound PDE2A (orange, PDB ID: 4D08) displaying different orientations of the H-loop (606 to 629, left) and M-loop (745 to 767, right) regions. The catalytic domain of closed-state PDE2A shows the H-loop folded into the catalytic site close to the substrate-binding pocket (black mesh). In contrast, the catalytic domain of PDE6α features an open H-loop similar to the inhibitor-bound PDE2A crystal structure. The M-loop region of PDE6α (purple) shows a similar conformation as the inhibitor-bound PDE2A structure (orange). Notably, residues 840 to 850 of the M-loop of the closed-state PDE2A crystal structure (pink) are disordered. (**D**) The C terminus of PDE6γ (red cartoon) binds near the substrate-binding pocket of the PDE6 catalytic domain. PDE6γ binding to the catalytic domain of PDE6 mimics a substrate/inhibitor-bound form where the H-loop displays an open conformation and the substrate-binding pocket is occluded by the C terminus of PDE6γ. Structurally conserved regions of the catalytic domain (RMSD ≤ 0.2 Å between PDE6α and PDE2A) are shown in gray.](aav4322-F3){#F3}

The GAF-A C-terminal α5 helix (206 to 232) is linked to the N-terminal α1 helix of GAF-B (254 to 280) by LH1 ([Figs. 1C](#F1){ref-type="fig"} and [2D](#F2){ref-type="fig"}). Although the GAF-B domain maintains a familiar topology to those of previously published GAF-B domain structures of PDE2A (RMSD = 1.120 Å between 59 pruned atom pairs) ([@R24]) and PDE5 (RMSD = 1.06 Å between 56 pruned atom pairs) ([@R27]), substantial structural differences were observed in the orientation of LH1 (\~20° tilt), α2 (\~10° tilt), and LH2 (\~30° tilt). A major structural difference was found in the 34--amino acid--long β1-β2 loop (280 to 313) that connects β1 with β2 in the six-stranded β-sheet cluster of the GAF-B domain ([Fig. 2D](#F2){ref-type="fig"} and fig. S4B). The GAF-B β1-β2 loop of one subunit of the PDE6αβ heterodimer directly interacts with the catalytic domain of the other subunit ([Fig. 2G](#F2){ref-type="fig"}). This cross-talk is mediated by the intertwined architecture of the PDE6αβ heterodimer, where LH2 helices cross over the pseudo-twofold axis such that the catalytic domain of one subunit lies directly below the GAF-B domain of the other subunit of the heterodimer ([Figs. 1, B and C](#F1){ref-type="fig"}, and [2A](#F2){ref-type="fig"}). The interacting region of the GAF-B β1-β2 loop adopts a short two-turn helical structure that forms hydrophobic interactions with α6, α7, α8, and α9 helices of the catalytic domain ([Fig. 2G](#F2){ref-type="fig"}). The direct interaction suggests a potential allosteric signal transduction route from the cGMP-bound GAF-A to the catalytic domain via GAF-B. This feature makes the PDE6αβ2γ complex the only PDE isoenzyme showing the second direct association between the GAF-B domain and the catalytic phophohydrolase domain in addition to the LH2 helix that links the two domains together. This finding suggests a role of the GAF-B β1-β2 loop in the direct regulation of PDE6 catalytic domains transducing the allosteric signal from cGMP-bound GAF-A domains to the catalytic domains.

The GAF-B C-terminal α5 helix (414 to 441) is linked to the N-terminal α1 helix of the catalytic domain (558 to 577) through the LH2 helix and a helix-loop-helix region comprising a four-helix bundle ([Figs. 1C](#F1){ref-type="fig"} and [2, A and D](#F2){ref-type="fig"}). The all--α-helical structure of the catalytic domain in PDE6 (PDE6α, 558 to 799; PDE6β, 556 to 796) is structurally conserved with previously published crystal structures of the catalytic domains of several PDE isoenzymes ([@R24], [@R29]). However, a substantial conformational change was seen in the H-loop region (606 to 629) that flanks the substrate-binding site ([Fig. 3C](#F3){ref-type="fig"}). The H-loop is a characteristic loop that changes its conformation upon ligand binding. During PDE2A activation, the H-loop swings out and attains an open-loop conformation that allows the binding of a substrate or an inhibitor to the PDE catalytic domain ([Fig. 3C](#F3){ref-type="fig"}) ([@R24]). Whereas during PDE2A inactivation, the H-loop occludes the substrate-binding pocket, which results in deactivation of the isoenzyme ([Fig. 3C](#F3){ref-type="fig"}) ([@R24]). Unlike the structure of closed-state PDE2A, the H-loop in the PDE6αβ2γ complex features an open conformation that is reminiscent of the substrate/inhibitor-bound state of PDE2A and PDE5 catalytic domains ([Fig. 3, C and D](#F3){ref-type="fig"}, and fig. S5). This open H-loop conformation is stabilized by the C terminus of PDE6γ that binds near the substrate-binding site and occludes substrate binding ([Fig. 3D](#F3){ref-type="fig"}).

In contrast to the closed-state structure of PDE2A homodimer, the M-loop region (745 to 767) that connects α14 and α15 of the catalytic domain does not participate in heterodimer formation in the PDE6αβ2γ complex ([Fig. 4A](#F4){ref-type="fig"}). In light of the direct interaction of GAF β1-β2 loops connecting the regulatory cGMP-bound GAF-A to the catalytic domain through the GAF-B domain of the PDE62αβγ complex and the comparison with the closed state of PDE2A ([Fig. 4A](#F4){ref-type="fig"}) ([@R24]), a model for allosteric activation of PDE isoenzymes can be deduced to reveal the representative conformational changes ([Fig. 4B](#F4){ref-type="fig"}). These conformational changes include a downward movement of the GAF-A β1-β2 loop, a 10° inward twist of LH1, an 80° outward twist of the GAF-B β1-β2 loop, and an 80° rotation of the catalytic domains ([Fig. 4A](#F4){ref-type="fig"}). However, the rearrangement of catalytic domains is unlikely to occur during the allosteric activation of PDE6 because of its association with PDE6γ. In an attempt to visualize some of these structural changes, we performed cryo-EM on the PDE6αβ2γ complex in the presence of fivefold molar excess of sildenafil. High-resolution 2D class averages of PDE6αβ2γ complex treated with sildenafil displays a reduced density of the GAF-B β1-β2 loop associated with its increased flexibility ([Fig. 4C](#F4){ref-type="fig"}; compare panels marked with asterisks). The observed structural changes are consistent with partial occupancy of sildenafil in the catalytic site of PDE6αβ2γ complex due to a competition with the inhibitory PDE6γ subunit for the same binding site ([@R30]). Notably, the catalytic domains did not show notable structural changes likely because of the partially bound PDE6γ that stabilizes the PDE6αβ2γ complex in its open state. Overall, these results further support the role of GAF β1-β2 loops in the allosteric regulation of PDE catalytic activity.

![The β1-β2 loop of regulatory GAF domains as potential allosteric triggers to PDE allosteric regulation.\
(**A**) Comparison between overall structures of the closed-state PDE2A homodimer and the PDE6αβ heterodimer. M-loop regions of the closed-state PDE2A and the PDE6αβ heterodimer are shown in gold. (**B**) Schematic representation showing the extent of potential conformational changes that occur during PDE activation. These conformational changes include a downward movement of the GAF-A β1-β2 loop, a 10° inward twist of the LH1 coiled coil, an 80° outward twist of the GAF-B β1-β2 loop, and an 80° rotation of the catalytic domains. M-loop regions are shown in gold. (**C**) A comparison between the 2D class averages of the untreated PDE6αβ2γ complex and PDE6αβ2γ treated with sildenafil recapitulates some of the key structural differences illustrated in (B). The face views of PDE6αβ2γ treated with sildenafil feature changes in the interaction profile of the GAF-B β1-β2 loop with the catalytic domain of the PDE6αβ heterodimeric core. The GAF-B β1-β2 loops are denoted by asterisks. Scale bar, 60 Å.](aav4322-F4){#F4}

DISCUSSION
==========

This study provides structural insights into the allosteric regulation of PDE6 catalytic activity by both N-terminal GAF domains and the PDE6γ subunit. A comparison of the PDE6αβ2γ complex structure with the closed-state structure of PDE2A shows reorganization of the GAF β1-β2 loop regions that form potential allosteric signal transduction routes from GAF-A to the catalytic domain through the GAF-B domain upon cGMP binding ([Fig. 4](#F4){ref-type="fig"}). These allosteric signals are then translated into the outward movement of the H-loop region that allows substrate binding and hydrolysis ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). The N-terminal regulatory domains are crucial for tightly regulating the cyclic nucleotide signaling by PDE isoenzymes. The type I PDE family features a variety of N-terminal domains including calcium/calmodulin-binding domains, protein kinase--regulated upstream conserved regions, and GAF domains. However, the allosteric regulation of the majority of PDEs is governed through N-terminal GAF domains (fig. S1). Notably, PDE2A activation is mediated by binding of cGMP to the GAF-B domain, whereas cGMP-induced activation of PDE5 is mediated by cGMP binding to the GAF-A domain. On the other hand, the activation of PDE6 is more complex and involves the binding of Gα~t~-GTP, which releases the inhibitory constraint of PDE6γ on the catalytic site of PDE6 ([@R16]) and reduces the binding affinity of cGMP to one of the two GAF-A domains. Therefore, the proposed model displaying the representative structural changes associated with PDE allosteric regulation ([Fig. 4B](#F4){ref-type="fig"}) is likely limited to the closely related structural homologs of PDE6.

The structure of PDE6αβ2γ complex displays several features that are in agreement with previously published chemical cross-linking and mass spectrometric data ([@R31]). These features include a tandem organization of GAF domains, parallel organization of the two catalytic subunits, and presence of juxtaposed α-helical segments in the PDE6αβ heterodimer ([@R31]). PDE6 is the only type I PDE family member that has inhibitory subunits bound to the catalytic dimer ([@R32]). Previous cross-linking studies have indicated the ability of PDE6γ to bind the catalytic domains of the PDE6αβ heterodimer, whereby its C-terminal residues block the substrate-binding pocket ([@R30]). PDE6γ binding has also been proposed to modulate cGMP binding at the regulatory GAF-A domain ([@R33]). This unusual interdomain allosteric control for a 9.7-kDa PDE6γ polypeptide has been debated often because of the lack of structural evidence. This study provides the direct structural confirmation that PDE6γ adopts an extended and mostly unstructured conformation to enable its interaction with both the GAF-A cGMP-binding pocket and the catalytic domain of the PDE6αβ heterodimer. In addition, the interaction of PDE6γ C terminus with the catalytic subunits stabilizes the open-state conformation of the PDE6αβ2γ complex.

Overall, the high-resolution structure of the PDE6αβ2γ complex and its comparison with the closed-state PDE2A structure provide a solid structural framework for rational design of candidate molecules that are selective to specific PDE isoenzymes to alleviate side effects induced by conventional therapeutic approaches.

MATERIALS AND METHODS
=====================

Purification of PDE6
--------------------

All experimental procedures were carried out in a darkroom under dim red light (\>670 nm). Bovine ROS were prepared as described elsewhere ([@R34]). ROS were diluted in isotonic buffer containing 20 mM Hepes (pH 7.5), 5 mM MgCl~2~, 1 mM dithiothreitol (DTT), and 100 mM NaCl. The suspension was then centrifuged at 30,000*g* at 4°C for 25 min to remove soluble and some membrane-associated proteins ([@R35], [@R36]). The pellet was resuspended in hypotonic buffer containing 5 mM Hepes (pH 7.5), 0.1 mM EDTA, and 1 mM DTT and gently homogenized three times by manually passing the suspension through a glass-to-glass homogenizer. The homogenate was centrifuged at 40,000*g* for 30 min at 4°C. Supernatants from the two hypotonic washes were pooled and centrifuged multiple times at 40,000*g* for 30 min at 4°C to completely remove any residual ROS pellet. The clear supernatant was dialyzed against buffer containing 10 mM Hepes (pH 7.5), 6 mM MgCl~2~, and 1 mM DTT for 3 hours at 4°C. The hypotonic solution was supplemented with ROS membranes (25 μM rhodopsin) and 250 μM GTPγS (Sigma-Aldrich), followed by light illumination for 30 min with a 150-W fiber light (NCL-150, Volpi, USA) delivered through a 480- to 520-nm band-pass filter (Chroma Technology Corporation, USA). The resuspension was then centrifuged multiple times at 40,000*g* for 30 min at 4°C to completely remove any residual ROS pellet. The supernatant was loaded onto a C10/10 column (GE Healthcare) with 6 ml of propyl-agarose resin pre-equilibrated with 10 mM Hepes (pH 7.5), 2 mM MgCl~2~, and 1 mM DTT. Next, the column was washed with 30 resin volumes of the equilibration buffer followed by 2 resin volumes of buffer containing 10 mM Hepes (pH 7.5), 2 mM MgCl~2~, 1 mM DTT, and 50 mM NaCl. Bound proteins were eluted with 30 ml of equilibration buffer containing 0.4 M NaCl. The eluate was then dialyzed against buffer containing 10 mM Hepes (pH 7.5), 6 mM MgCl~2~, 1 mM EDTA, and 1 mM DTT.

The dialyzed eluate was loaded onto a C10/20 column (GE Healthcare) with 15 ml of Blue Sepharose CL-6B resin (Sigma-Aldrich) pre-equilibrated with 10 mM Hepes (pH 7.5), 6 mM MgCl~2~, 1 mM EDTA, and 1 mM DTT. The flow-through was supplemented with a nanobody that specifically binds to Gβ~1~γ~1~ ([@R37]) to accomplish its removal from the sample (fig. S3). After 30 min of incubation, Ni^2+^--nitrilotriacetic acid resin pre-equilibrated with 10 mM Hepes (pH 7.5), 6 mM MgCl~2~, 1 mM EDTA, and 1 mM DTT was added. Following 30 min of incubation, the resin bound with Gβ~1~γ~1~ was removed by passing the resuspension through a Pierce disposable column (Thermo Fisher Scientific). The flow-through containing Gα~t~ and PDE6 obtained from the immobilized-Ni^2+^ affinity chromatography was then concentrated and loaded onto a Superdex 200 10/300 GL column equilibrated with buffer containing 10 mM Hepes (pH 7.5), 2 mM MgCl~2~, 1 mM DTT, and 100 mM NaCl (fig. S3, A and B). Fractions containing PDE6 were combined, concentrated to about 0.7 mg ml^−1^, and used for cryo-EM analyses. The functional characterization of PDE6 has been described previously ([@R26], [@R38]).

Cryo-EM specimen preparation, data acquisition, and movie processing
--------------------------------------------------------------------

Three microliters of the purified PDE6αβ2γ or PDE6αβ2γ with 5 M excess of sildenafil at a concentration of 0.7 mg ml^−1^ were applied to a Quantifoil R2/2 400 mesh grid (Electron Microscopy Sciences) without a prior glow discharge. The grids were plunge-frozen in liquid ethane with a FEI Vitrobot Mark IV (Thermo Fisher Scientific) under these conditions: temperature, 4°C; humidity, 100%; blotting time, 2 s; and blotting force set to −10. Frozen grids were imaged in a FEI Titan Krios (300 kV, Thermo Fisher Scientific) equipped with a Gatan Quantum-LS energy filter (20-eV zero-loss filtering) connected to a Gatan K2 Summit detector operating in super-resolution counting mode. Super-resolution movies of 50 frames were acquired at a magnification of ×47,259 in the nanoprobe mode using the SerialEM software ([@R39]). A total dose of 80 *e*^−^ Å^−2^ and a pixel size of 0.529 Å for the super-resolution pixels were used during data collection (fig. S3C). The acquired movies were processed during the imaging session with the Focus program ([@R40]), which included (i) gain reference application and binning 2× by the clip and resample_mp.exe programs from the IMOD ([@R41]) and Frealign ([@R42]) packages, respectively; (ii) motion correction and dose weighting by MotionCor2 ([@R43]); and (iii) contrast transfer function (CTF) estimation by CTFFIND4 ([@R44]). A total of 3134 aligned movies were used for further single-particle processing. Images displaying a resolution lower than 7 Å during CTF correction or average drifts higher than 2 Å per frame were excluded from the analysis.

Image processing
----------------

Particles in micrographs were selected with the EMAN2 boxer ([@R45]) and Gautomatch ([www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/](http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/)) programs. During the initial processing, 2176 particles were automatically selected from 100 preselected images with reference-free Gautomatch localization. The selected particles were inspected with the e2boxer.py script and 2D classified in Relion 2.1 ([@R46]). A few high-resolution 2D classes were low-pass--filtered to 30 Å and used as templates for Gautomatch particle selection on all aligned images. This larger dataset of particles was 2D classified in Relion 2.1, and 30 high-resolution class averages covering a broader range of views were selected as templates for another round of Gautomatch particle selection. The final particle selection resulted in a total of 197,171 particles, which were reprocessed with Relion 2.1. After seven rounds of 2D classification, a 2D class average representing the face-view of PDE6 (fig. S3D) was used to create a rotationally symmetric starting model for 3D processing. The Fourier transform of the selected projection was low-pass--filtered to 60 Å and rotated around the long axis of the class average. The created 3D Fourier volume was back-transformed to obtain the initial real-space 3D model.

The 2D class averages comprising 85,929 particles were subjected to three rounds of 3D classification with the 60-Å rotationally symmetric model as a reference (fig. S6A). The resulting five 3D classes were used to generate the initial map of PDE6 at a resolution of 8.2 Å, which was subjected to the e2project.py script of EMAN2 to compute 30 reprojections covering views from all directions to serve as templates for the final round of Gautomatch particle selection. The final dataset comprising 199,658 particles was processed by Relion 2.1. Five rounds of 2D classification reduced the dataset to 82,558 particles, which were subjected to three rounds of 3D classification (with seven, five, and five 3D classes, respectively) with the rotationally symmetric initial 3D model as a reference (fig. S6A). Two identical 3D classes displaying a resolution of 8.3 Å and comprising a total of 43,597 particles were combined into a single dataset. The combined dataset was then refined against one of the two 8.3-Å 3D classes, which was low-pass--filtered to 35 Å. Upon masking and modulation transfer function correction, the reconstructions reached a resolution of 4.1 Å, as measured by Fourier shell correlation (FSC) of a refinement in which two halves of the dataset were refined separately and combined only when building the final map (fig. S6A). The same dataset was then reprocessed with the cisTEM program ([@R47]) that uses per-particle CTF refinement and B-factor particle weighting. The final 3D reconstruction reached a resolution of 3.4 Å at an FSC of 0.143 (fig. S6B) ([@R48]). Local resolution distribution of the final map was determined by ResMap ([@R49]). The data acquisition and processing of PDE6αβ2γ treated with sildenafil was done under identical conditions as the untreated PDE6αβ2γ holoenzyme. In total, 4780 images were acquired, from which 223,656 particles were isolated and subjected to 2D classification.

Model building and refinement
-----------------------------

The cryo-EM map was put into an artificial crystal lattice to calculate its structure factor using the phenix.map_to_structure_factors script in the PHENIX program ([@R50]). The 3D density map was sharpened by applying a negative B-factor of −148 Å^2^ as determined with the phenix.auto_sharpen script ([@R50]) and by manual intervention. De novo modeling of PDE6α, PDE6β, and PDE6γ subunits was performed in Coot 0.8.8 ([@R51]) using secondary structure predictions calculated by PSIPRED ([@R52]). The densities of bulky side chains were used as references during the backbone tracing. A partial PDE6 model (PDE6α, 10 to 822; PDE6β, 11 to 822; and PDE6γ 1 to 30 and 70 to 87) was used for rigid body fitting into the 3D density map with Chimera ([@R53]). The model was then refined by rigid body refinement of individual chains in the PHENIX program ([@R50]), where the amplitudes and phases of the structural factors were used as pseudo-experimental diffraction data for model refinement. Initial models were improved by multiple rounds of PHENIX real-space refinement ([@R50]) and REFMAC version 5.8 ([@R54]) refinement against the overall map at a resolution of 3.4 Å. Each round of refinement was followed by manual model building and adjustments with Coot 0.8.8 ([@R51]). Simultaneous optimization of the stereochemical and molecular clashes was performed during the refinements, resulting in a final model to map a cross-correlation coefficient of 0.79 (fig. S6C).

The stereochemical quality of the final PDE6αβ2γ complex model was assessed with the Molprobity server ([@R55]). The final PDE6αβ2γ model was cross-validated with previously available crystal structures of GAF-A ([@R27], [@R28]), GAF-B ([@R27], [@R56]), and catalytic ([@R29], [@R30]) domains of PDE family members. Details of the cryo-EM data collection and structural refinement statistics are provided in table S1. Protein coordinates and the EM map were deposited in the Protein Data Bank (PDB) (PDB accession number: 6MZB and Electron Microscopy Data Bank ID: EMD-9297). The raw image data have been deposited in the Electron Microscopy Public Image Archive (EMPIAR) database ([www.ebi.ac.uk/pdbe/emdb/empiar/](http://www.ebi.ac.uk/pdbe/emdb/empiar/); access number: EMPIAR-10228). All structural and density representations were generated using either Chimera ([@R53]) or Pymol ([www.pymol.org](http://www.pymol.org)).
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Fig. S1. Domain organization in the type I phosphodiesterase superfamily.

Fig. S2. Domain organization and primary sequence comparison between PDE6α and PDE6β subunits.

Fig. S3. Biochemical characterization and cryo-EM of the PD6αβ2γ complex.

Fig. S4. Structural features of regulatory GAF domains of the PDE6αβ2γ complex.

Fig. S5. Comparison between the H-loop orientations of PDE6 and PDE5.

Fig. S6. Cryo-EM reconstruction and data fitting of the PDE6αβ2γ complex.

Table S1. Cryo-EM data collection, refinement, and validation statistics for the PDE6αβ2γ complex.
